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Cell migration is a cellular response and results in various biological processes

such as cancer metastasis, that is, the primary cause of death for cancer patients.

Quantitative investigation of the correlation between cell migration and

extracellular stimulation is essential for developing effective therapeutic strategies

for controlling invasive cancer cells. The conventional method to determine cell

migration rate based on comparison of successive images may not be an objective

approach. In this work, a microfluidic chip embedded with measurement electrodes

has been developed to quantitatively monitor the cell migration activity based on

the impedimetric measurement technique. A no-damage wound was constructed

by microfluidic phenomenon and cell migration activity under the stimulation

of cytokine and an anti-cancer drug, i.e., interleukin-6 and doxorubicin, were,

respectively, investigated. Impedance measurement was concurrently performed

during the cell migration process. The impedance change was directly correlated to

the cell migration activity; therefore, the migration rate could be calculated. In

addition, a good match was found between impedance measurement and conven-

tional imaging analysis. But the impedimetric measurement technique provides an

objective and quantitative measurement. Based on our technique, cell migration

rates were calculated to be 8.5, 19.1, and 34.9 lm/h under the stimulation of cyto-

kine at concentrations of 0 (control), 5, and 10 ng/ml. This technique has high

potential to be developed into a powerful analytical platform for cancer research.
VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922488]

I. INTRODUCTION

Cell migration is a cellular response after a highly integrated multistep molecular process.1,2

It results various biological processes such as orchestration of embryonic morphogenesis, cancer

metastasis, tissue repair and regeneration, wound healing, and inflammation.3–7 Because cells

can be stimulated to promote or inhibit cell migration in response to particular factors, study of

cell migration is critical for understanding the underlying molecular mechanisms. For example,

increase of interleukin-6 (IL-6) cytokine can promote cancer cell migration and cancer metasta-

sis.8–10 When IL-6 engages its receptor in cells, STAT3 transcription factor is activated and

regulates the target genes.11 STAT3 controls a wide range of cellular processes including

cell proliferation, oncogenesis, and cancer metastasis. On the other hand, an anti-cancer drug,

e.g., doxorubicin, can inhibit cancer cell migration and induce cell apoptosis.12,13 Doxorubicin is

an effective anti-cancer drug used to treat a wide range of cancers; but serious side effects are

also induced.14 Control of the dosage of doxorubicin is important in cancer chemotherapy.

Knowledge of the correlation between cell migration and the extracellular stimulation,
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e.g., cytokine and anti-cancer drugs, is essential for understanding the cancer pathogenesis and

thus developing effective therapeutic strategies for controlling invasive cancer cells.

In biological laboratory, one of the widely used assays for the study of cell migration is

scratched wound healing assay.15,16 This assay is initiated by physically introducing a wound

by scratching cells in a confluent monolayer. Cells migrate into the artificially generated space

to close this wound. This conventional assay has the advantage of simplicity; however, it also

has inherent limitations. Physical scratching by razor blades or scalpels often damages the cells

on the wound edges. For the observation of cell migration activity, cells near the wound edges

are very important and such uncertain cell damage may induce influence of the assay.

Therefore, alternative method of creating wound edges is necessary for the investigation of cell

migration. In the past decades, microfluidic systems have been rapidly developed and various

biomedical applications have been implemented to these miniaturized systems.17,18 One of the

key features of microfluidic systems is that fluid flow in microchannels exhibits laminar flow.

Multiple parallel fluid streams can be created and this feature was first utilized to pattern cells

and their environments.19 Based on this development, constructing a wound edge in a cultured

cell monolayer using microfluidic technique has been reported to study the cell migration.20–22

The wound edge was constructed by partially digesting a confluent cell monolayer inside a

microchannel using multiple laminar flows with and without trypsin. Previous studies showed

that the effect of the shear stress on the cells can be ignored due to the slow flow and no-

damage wound in microchannels can be prepared by this technique.20,21 By capturing and com-

paring the images at the beginning and at regular intervals during cell migration, cell migration

rate can be estimated. However, comparison of images to determine migration rate may not be

an objective method because the leading edge becomes blur after a certain time and observation

is influenced by different human perceptions. To tackle the technical hurdles, in this work,

electrical impedimetric monitoring of cell migration activity in a microfluidic system is pro-

posed to conduct a real-time, non-invasive, objective, and quantitative investigation.

Impedance measurement across a pair of coplanar electrodes has been widely demonstrated

to quantify cellular activities.23,24 Because cellular membrane has a membrane capacitance of

0.5–1.3 lF/cm2 and a membrane resistance of 102–105 X/cm2,25 change of cellular behaviors

can be monitored by the change of total impedance across the electrodes. For example, if cells

adhere and proliferate on the electrode surface, the effective surface area of the electrode is

reduced and thus the total impedance increased. Conversely, cell death leads to the release of

cells from the electrode surface, which induces the decrease of the total impedance. Based on

this rationale, cell proliferation and viability were, respectively, monitored by the change of

total impedance.26,27 It showed that cells do not behave significant change in their viability,

motility, anchorage, or cell-cycle time when exposed to electric field generated by coplanar

electrodes.28 Moreover, a microfluidic device was developed for trapping and measuring the

dielectric properties of microtumors over time using electrical impedance spectroscopy.29 These

excellent demonstrations showed that the impedance measurement provides a convenient and

reliable technique for real-time monitoring of cellular activity.

In this work, we have implemented the impedance measurement scheme in a microfluidic

chip to investigate cell migration activity. Influence of cell migration rate under the respective

stimulation of cytokine and an anti-cancer drug, i.e., IL-6 and doxorubicin, was demonstrated

to quantitatively study the correlation between the extracellular stimulation and cell migration.

A microfluidic chip with a Y-shaped microchannel was developed and 16 electrodes were em-

bedded along the microchannel for the impedance measurement. Nasopharyngeal carcinoma

(NPC) cell line (NPC-BM1) derived from a bone marrow metastatic lesion was used because it

is highly metastatic. After a cell monolayer was cultured in the microchannel, a wound edge

was constructed by partially digesting the monolayer using multiple laminar flows with and

without trypsin. Quantitative impedimetric monitoring of cell migration was demonstrated under

the respective stimulation of cytokine and an anti-cancer drug. A good correlation was found

between impedance measurement and conventional imaging analysis. In conclusion, this tech-

nique provides an efficient, objective, and quantitative measurement to study the correlation

between the cell migration activity and the extracellular stimulation.
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II. MATERIALS AND METHODS

A. Cell culture

NPC cell line (NPC-BM1) derived from a bone marrow metastatic lesion was kindly

provided by Dr. Jenny Liu, Chang Gung University. Culture medium was Dulbecco’s modified

eagle medium (DMEM; Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS;

Invitrogen, USA) and antibiotic/antimycotic (100 U/ml of penicillin G sodium, 100 mg/ml of

streptomycin, and 0.25 mg/ml of amphotericin B; Gibco-BRL Life Technologies, USA).

Cells were amplified by standard cell culture technique and trypsinized using 0.05% trypsin

(Gibco-BRL Life Technologies, USA) for 3 min, centrifuged at 1200 rpm for 5 min, and

re-suspended in the medium for further experiments.

B. Design and fabrication of the microfluidic system

A microfluidic chip has been developed for the quantitative study of the correlation

between the cell migration activity and the extracellular stimulation. The chip consisted of a

polydimethylsiloxane (PDMS) layer with a Y-shaped microchannel and a glass substrate

embedded with 16 electrodes. The electrodes were aligned along the microchannel and used for

the impedance measurement, as shown in Fig. 1(a). The dimension of the mainstream was

25 mm in length, 3 mm in width, and 500 lm in height. The width of each electrode was

100 lm and the gap between electrodes was 100 lm. The total length of the electrodes

was 7 mm and the electrodes were aligned along the microchannel, as shown in Fig. 1(c). In

the impedance measurement, cells attach on the electrode surface and the total impedance

across a pair of electrodes increases to determine the presence of cells. In this study, cells

migrated across the microchannel and the impedance change of each pair of electrodes repre-

sented the location and number of cells. Cell migration activity could be quantitatively

monitored by, respectively, measuring each pair of electrodes. Such that cell migration rate was

FIG. 1. Microfluidic chip for quantitative impedimetric monitoring of cell migration activity. (a) Photographic image of the

microfluidic chip. (b) Schematic illustration of the experiment setup. (c) Illustration of the electrode structure inside the

microchannel.
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calculated by continuous impedance measurement of each pair of electrodes at different fixed

distances. Illustration of the experimental setup is shown in Fig. 1(b). Therefore, the correlation

between the cell migration activity and the extracellular stimulation (in this case, cytokine and

an anti-cancer drug) could be objectively studied. Such design of the microfluidic chip provides

well-defined environment for quantitative study of cell migration activity.

The microfluidic chip was composed of a PDMS (Model: Sylgard
VR

184; Dow Corning,

USA) layer with microchannel and a glass substrate embedded with electrodes. The PDMS

layer was fabricated by soft lithography. Briefly, a poly(methyl methacrylate) (PMMA) mold

with a negative pattern of microchannels was machined by a CNC engraving machine (Model:

EGX-400; Roland, USA). Next, PDMS pre-polymer and curing agents were mixed at 10:1 ratio

under the instructions from the manufacturer. After being stirred thoroughly and degassed in a

vacuum chamber, the prepared PDMS mixture was poured on the mold and cured at 70 �C for

1 h. The cured PDMS layer was peeled off from the mold and ready for use. For the fabrication

of the Cr/Au (200 Å/1000 Å) electrodes on the glass substrate, a standard micro-fabrication pro-

cess including thermal evaporation and lift-off, respectively, was performed. Finally, the micro-

fluidic chip was assembled by bonding two layers together using oxygen plasma treatment.

Because the bonding of the PDMS layer and glass substrate was manually handled, electrodes

on most sides were used for the alignment of the sidewalls of the microchannel. Before per-

forming the experiment, the microfluidic chip was sterilized using 70% (w/v) ethanol for 6 h,

washed by phosphate-buffered saline (PBS), and kept under ultraviolet light overnight.

C. Experimental procedures

In order to promote cell adhesion to the surface in the microchannel, solution with collagen

in the concentration of 1 lg/ml was introduced to the microchannel and incubated for 30 min.

Collagen-coated surface was created after washing by PBS (50 mM phosphate, 150 mM NaCl,

and 10 mM EDTA; pH 7.6). Cells suspended solution with cell concentration of 5� 107 cells/

ml were then applied to the microchannel. Cells spread and formed a monolayer on the bottom

surface of the microchannel after 1 day culture in a 37 �C, humidified atmosphere, and 5% CO2

incubator (Model: 370; Thermoscientific, USA). Then, a wound edge was constructed by par-

tially digesting the cell monolayer. Culture mediums with and without 0.25% trypsin were

simultaneously applied from two inlets of the microfluidic chip at the flow rate of 0.08 ml/min

for 10 min and then 0.15 ml/min until cells that were in contact with trypsin were washed away

under the observation using an upright microscope (Model: BX51M; Olympus, Japan). Because

of low Reynolds number, the flow was laminar flow and two parallel fluid streams were cre-

ated. Cells that were in contact with trypsin were trypsinized and detached from the surface.

Next, the microchannel was washed by applying medium at the flow rate of 0.15 ml/min.

However, in some situations, cells without contacting with trypsin were also washed away

because of shear force. In order to confirm the initial cell concentration before cell migration

experiment, electrodes on the portion of without trypsin treatment were used for the impedance

measurement to estimate the cell concentration. If the impedance value was in the acceptable

range (in this case, >600 X at the measurement frequency of 20 kHz), the wound edge was

successfully constructed. Then, the entire microfluidic chip was placed in the incubator during

the cell migration experiment. In this study, investigation of cell migration without extracellular

stimulation was first carried out for up to 6 days. The result of cell migration rate was defined

as control to compare with the results under the stimulation of cytokine and an anti-cancer

drug, i.e., IL-6 (Invitrogen, USA) and doxorubicin (Sigma, USA), in different concentrations.

For these experiments, impedimetric monitoring was concurrently conducted by using an im-

pedance analyzer (Model: VersaSTAT 4; Princeton Applied Research, USA) to provide objec-

tive and quantitative results in a real-time and non-invasive manner.

D. Impedance measurement of cell migration activity

Impedance measurement was performed every 12 h during the cell migration activity. In

order to confirm the conditions of temperature and pH of the medium, fresh 37 �C medium was
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applied to the microchannel before each measurement. Potential of 0.1 Vrms was applied across

a pair of electrodes, and the impedance was measured from 50 Hz to 1 MHz. Only seven elec-

trodes on the portion of treating with trypsin, i.e., half of the microchannel, were used for the

impedance measurement during the cell migration activity. They were, respectively, located at

0, 200, 400, 600, 800, 1000, and 1200 lm to the center line of the microchannel. Six measure-

ments were, respectively, conducted by six pairs of electrodes located at 0 and 200 lm, 200

and 400 lm, 400 and 600 lm, 600 and 800 lm, 800 and 1000 lm, and 1000 and 1200 lm.

Therefore, six impedance values were measured for each successive time point. In order to

eliminate the variation between electrodes, background impedance value of each pair of electro-

des was also measured at the beginning of the cell migration experiment, i.e., impedance value

at 0 h. Impedance change was defined as the subtraction of the impedance value at the succes-

sive time point and the background impedance value.

III. RESULTS AND DISCUSSION

A. Optimization of the impedance measurement conditions

Impedance measurement has been widely used for monitoring cellular behaviors such as

cell proliferation and viability.23,24 Analysis of the sensitivity and frequency characteristics of

coplanar electrodes for monitoring cells was discussed, in detail.30 When cells attach onto the

electrode surface, the total impedance across the electrodes can be modeled as capacitances and

resistances in series, which reflects the biophysical properties of the insulating cell membrane.

When the frequency is sufficiently low or high, sensitivity of the cell impedance measurement

becomes extremely low. It was suggested that the most appropriate frequency for cell imped-

ance measurement is 20 kHz, at which the sensor will be at the highest sensitivity.30

In our microfluidic chip, the optimized measurement frequency was investigated in order to

find out the highest sensitivity and linear correlation between the impedance magnitude and cell

concentration. Cells at different concentrations, i.e., 103, 104, 105, 106, and 107 cells/ml, were,

respectively, introduced to the microchannel and incubated for 8 h for cell attachment before

measurement. Then, impedance measurement was performed to investigate the electrical char-

acteristics. Relationship between impedance magnitude and cell concentration under different

measurement frequencies of 5, 20, 50, 100 kHz is shown in Fig. 2. The cell concentration was

found to be proportional to the impedance magnitude at all measurement frequencies. However,

the sensitivity and the linear correlation were different. The sensitivities were 102.48, 102.88,

77.68, and 55.08, respectively, and the R-squared values were 0.7929, 0.9108, 0.7670, and

0.6924, respectively. Measurement at 20 kHz showed the highest sensitivity and linear correla-

tion to describe cell concentration using impedance magnitude, which is as the same as in the

previous work.30 Therefore, measurement frequency of 20 kHz was used for the following

experiments.

B. Construction of a wound edge

Before observing the cell migration activity, construction of a wound edge in the micro-

channel was performed and the procedures are illustrated in Fig. 3(a). Based on the formation

of two parallel laminar flows in the microchannel, only cells that were in contact with trypsin

were detached from the surface, while the untreated portion of the cell monolayer remained

intact and spread to form a clear wound edge. Because the electrodes were not transparent, cells

were observed using an upright microscope. A sequence of photographic images was captured

and is shown in Fig. 3(b). Cells were shown to spread and form a monolayer on both glass and

electrode surfaces after 1 day culture. After the treatment of trypsin, the resultant wound edge

of cell monolayer was linear, and there was no cell remaining on the cell-denuded portion. A

start line of cell migration could be defined on the wound edge. In addition, a microfluidic chip

without embedding electrodes was used to repeat the experiment of constructing the wound

edge. Such that the wound edge and the cell monolayer could be clearly observed using an

inverted microscope. Photographic images are, respectively, shown in Figs. 3(c) and 3(d). The
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FIG. 2. Relationship between impedance magnitude and cell concentration under different measurement frequencies of 5,

20, 50, and 100 kHz. Error bars represent the standard deviations of three repeated experiments.

FIG. 3. Construction of a wound edge in the microchannel. (a) Schematic illustration of the procedures of constructing the

wound edge based on the formation of two parallel laminar flows in the microchannel. (b) A sequence of photographic

images showing the process of constructing the wound edge in the microchannel. The red dashed line represents the start

line of the cell migration process. Images were captured under an upright microscope because the electrodes were not trans-

parent. (c) Photographic image of the wound edge constructing in the microchannel without embedding electrodes. Images

were captured under an inverted microscope. (d) Photographic image of the cell monolayer corresponding to the dashed

line square in (c).
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resultant wound edge was shown to be linear and cells achieved a good morphology and mono-

layer growth status.

C. Impedimetric monitoring of cell migration

After the wound was obtained in the microchannel, cells were incubated with culture me-

dium in the incubator and the cell migration activity started. For every 12 h during the cell

migration process, photographic images were captured and impedance values across the electro-

des were concurrently measured. Comparison of the successive images is conventionally used

to determine the cell migration rate, as shown in Fig. 4(a). Distances of the leading edge to

the start line at different successive time points were identified from the images and plotted in

Fig. 4(b). Based on the linear regressive approximation, cell migration rate was estimated to be

6.9 lm/h. This conventional method is convenient but subjective. Determination of the distance

was difficult because the leading edge became blur after a certain time. On the other hand,

result of impedance measurements across six pairs of electrodes at different successive time

points is shown in Fig. 4(c). Increase of impedance change represented increase of cells attach-

ing on the electrode. Results quantitatively showed cells progressively migrated from the start

line until the distance of 1200 lm. In order to calculate the cell migration rate, we defined the

impedance change of 25 X as a threshold of cells reaching the electrodes. Because environmen-

tal noise may influence the impedance measurement, but we found that impedance change over

25 X indicated the presence of cells on the electrode surface in our microfluidic chip (data not

shown). At this threshold, six time points for cells reaching six electrodes at the distances of

200, 400, 600, 800, 1000, and 1200 lm were calculated by linear interpolation. Relationship

between the migration distance and time was plotted and is shown in Fig. 4(d). Based on

the linear regressive approximation, cell migration rate was calculated to be 8.5 lm/h, which

reasonably matches with the conventional method.

FIG. 4. Analyses of cell migration activity. (a) Successive images of cell migration process. The red dashed line represents

the start line of the cell migration process. The red arrow indicates the leading edge. (b) Relationship between the migration

distance and time identified from the images is shown in (a). (c) Impedance measurements across six pairs of electrodes at

distances of 200, 400, 600, 800, 1000, and 1200 lm at different successive time points. Error bars represent the standard

deviations of three repeated experiments. (d) Relationship between the migration distance and time calculated from the im-

pedance data is shown in (c).
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D. Cell migration under the stimulation of cytokine and anti-cancer drug

In order to confirm that cell migration could be examined within such a microfluidic chip,

analyses of cell migration under the stimulation of cytokine and an anti-cancer drug were,

respectively, performed to either promote or inhibit cell migration. The migration ability of can-

cer cells represents the probability of cancer metastasis that is the primary cause of death for

cancer patients. Hence, understanding the underlying molecular mechanisms is critical for the

development of effective therapeutic strategies for controlling invasive cancer cells.

Studying the role of cytokine is one of the interesting topics of the investigation of cancer

pathogenesis.31–33 It was reported that cells infected by Epstein-Barr virus lead to the oncogenic

transformation34,35 and induce the production of cytokines such as IL-6 and IL-10.36,37 The

production of IL-6 from virus-transformed cells affects the neighboring cells for aberrant cell

proliferation and migration.8–10 In this work, cell migration rate under the stimulation of IL-6

at different concentrations of 5 and 10 ng/ml was quantitatively studied using the microfluidic

chip and the results are shown in Fig. 5. Cells were stimulated by IL-6 and their migration

ability was regulated. Based on our technique, cell migration rates were, respectively, calculated

to be 19.1 and 34.9 lm/h, as shown in Figs. 5(b) and 5(d). Cell migration rate was directly

related to the IL-6 concentration because higher activation level of the transcription factors was

triggered by higher concentration of IL-6.38 Also, the invasiveness of cells was found to be sig-

nificantly enhanced by IL-6 ranging from 0 to 10 ng/ml. This result was similar to those that

had been reported previously using a conventional method.39 But our microfluidic chip could

quantitatively monitor the entire cell migration process.

In cancer chemotherapy, the use of anti-cancer drugs can inhibit cell migration and induce

cell apoptosis;12,13 but serious side effects are also induced by a high dosage of drugs.14

FIG. 5. Impedimetric monitoring of cell migration under the stimulation of IL-6 cytokine at concentrations of (a) 5 and (c)

10 ng/ml. Error bars represent the standard deviations of three repeated experiments. (b) and (d) Relationship between the

migration distance and time for the calculation of cell migration rate.
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Because cell migration ability reflects the cell vitality to a certain extent, investigation of cell

migration under the stimulation of anti-cancer drugs is essential to understand the trade-off

between cell vitality and side effects. In this study, impedimetric monitoring of cell migration

activity was investigated under the stimulation of doxorubicin at different concentrations of 0.5

and 1 lg/ml, as shown in Fig. 6. Results revealed the drug’s effective time and the longest cell

migration distance. Under the drug concentration of 0.5 lg/ml (Fig. 6(a)), cells migrated until

72 h and cell apoptosis was then induced. The longest migration distance was shown to be

800 lm. In addition, for the drug concentration of 1 lg/ml (Fig. 6(b)), cell apoptosis occurred

after 24 h of drug application and the longest migration distance was 400 lm. Reliable assess-

ment of cell vitality is very important for the development of effective and safe cancer chemo-

therapy. Our microfluidic chip provides quantitative results to investigate cell vitality under the

stimulation of anti-cancer drugs.

IV. CONCLUSION

Impedimetric monitoring of cell migration activity has been demonstrated in a microfluidic

chip. Based on the microfluidic feature, a no-damage wound was constructed by partially

digesting the monolayer using multiple laminar flows with and without trypsin. Quantitative

correlations between cell migration activity and the extracellular stimulation, i.e., IL-6 and dox-

orubicin, were, respectively, investigated. The impedance change was directly correlated to the

cell migration activity; therefore, migration rate could be calculated. In addition, a good match

was found between impedance measurement and conventional imaging analysis. Results showed

that this microfluidic chip provides a promising tool to study cell migration activity in a real-

time, non-invasive, objective, and quantitative manner. This technique has high potential to be

developed into a powerful analytical platform for cancer research.
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